By a simple one-step H 2 -assisted thermal evaporation method, high quality CdS nanostructures have been successfully fabricated on Au coated Si substrates in large scale. The as-synthesized CdS nanostructures consisted of sword-like nanobelts and toothed nanosaws with a single-crystal hexagonal wurtzite structure. The deposition temperature played an important role in determining the size and morphology of the CdS nanostructures. A combination of vapor-liquid-solid and vapor-solid growth mechanisms were proposed to interpret the formation of CdS nanostructures. Photoluminescence measurement indicated that the nanobelts and nanosaws have a prominent green emission at about 512 nm, which is the band-to-band emission of CdS. The waveguide characteristics of both types of CdS nanostructures were observed and discussed.
I. INTRODUCTION
In recent years, one-dimensional semiconductor nanostructures have been intensively studied due to their size, morphology-related properties and promising applications in nanoscale photonic and electronic devices, such as waveguides, nanolasers, photodetectors, field-effect transistors, chemical sensors, and solar cell [1−6] . CdS, with band gap energy of 2.42 eV at room temperature, is one of the most important II-VI group semiconductors. One-dimensional CdS nanostructures have been widely investigated for optoelectronic applications in piezoelectric nanogenerator [7] , photoconductive optical switches [8] , light-emitting diodes [9] , field-effect transistors [10] , waveguides [11] , and optical driven laser [12] . The past years have witness significant efforts to synthesize various one-dimensional CdS nanostructures. For example, CdS nanowires were synthesized by electrochemical deposition, solvothermal route, pulsed-laser vaporization, metal organic chemical vapor deposition (MOCVD), thermal evaporation, etc. [13−17] . Single crystalline CdS nanobelts were also fabricated by laser ablation and thermal evaporation [18, 19] . Although there are considerable reports on the fabrication of CdS nanostructures, it still remains a great challenge to synthesize high quality CdS nanostructures with manipulable morphology.
In this work, we study large-scale synthesis of high quality single-crystal CdS nanobelts and nanosaws through a simple one-step H 2 -assisted thermal evaporation method. The structure and morphology of CdS nanostructures were characterized using X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM), and high-resolution transmission electron microscope (HRTEM) techniques. The effect of the deposition temperature on the morphology of CdS nanostructures has been investigated. A combination of vapor-liquid-solid (VLS) and vapor-solid (VS) growth mechanisms were proposed to explain the growth of CdS nanostructures. Photoluminescence (PL) measurements were performed to study the optical properties of CdS nanostructures. The optical waveguide properties of the CdS nanobelts and nanosaws were studied with a scanning near-field optical microscope.
II. EXPERIMENTS
The synthesis of CdS nanostructures was based on thermal evaporation of CdS powder in a horizontal tube furnace. The CdS powders were put into a ceramic boat located at the center of the quartz tube. Several pieces of silicon wafer covered with a thin Au film were used as substrates and placed downstream to collect the products. Prior to heating, the system was flushed with high purity argon containing 5% hydrogen at a rate of 40 SCCM for 2 h to remove the oxygen inside. Afterward, the flow rate was adjusted to 20 SCCM. The furnace was rapidly heated to 800
• C and maintained at that temperature for 1 h without changing the conditions. After the furnace cooled down to room temperature naturally, a layer of yellow wool-like products in high yield were obtained on the Si substrates. The crystal structure, morphology, and composition of the products were characterized by XRD (Siemens D-5000), FESEM (JEOL JSM-6700F), and energydispersed X-ray spectrometry (EDS) attached to the FESEM. A HRTEM (JEOL 3010) was used to examine the microscopic structure of the products. Room temperature photoluminescence and optical waveguide properties were investigated with a commercial scanning near-field optical microscope (Alpha SNOM, WITec) using Ar-ion laser (488 nm) as the excitation source. A chromatic CCD through an objective lens was used to collect the far-field topography and optical image.
III. RESULTS AND DISCUSSION
The crystal structure of the as-synthesized yellow products was investigated by XRD pattern as shown in Fig.1 . All the diffraction peaks can be perfectly assigned to the hexagonal wurtzite structure of CdS with lattice constants a=4.14Å and c=6.72Å, which matches well to the reference (JCPDS card No.41-1049). In addition, no diffraction peaks due to any other impurities are observed. The sharp and strong diffraction peaks reveal that the as-synthesized products are well crystallized. However, the relative intensity of the (100) peak is stronger than that reported in the JCPDS file, indicating the possible special tropism of the products.
Figure 2(a) shows typical scanning electron microscopy (SEM) images of the as-prepared products deposited on the Au-coated Si substrate. It clearly shows that the products consist of a large quantity of sword-like nanobelts and toothed nanosaws with typical length of 30−50 µm and thickness of 200−300 nm. The width is 1−3 µm at the bottom and gradually decreases along the growth direction to about 300 nm at the tip. There is a particle located at the tip of each nanobelt and nanosaw, suggesting that it acts as catalyst in the growth process of nanobelt and nanosaw. To further verify the morphological characteristics of the CdS nanostructures, typical magnified SEM image of the body of an individual nanobelt is given in Fig.2(b) . As shown in Fig.2(b) , the CdS nanobelt exhibits a rectangle-like cross section and its thickness is about 300 nm. The saw-like morphology is clearly seen from the high-magnification SEM images as shown in Fig.2 (c)−(e). The side-view image in Fig.2 (c) −(e) clearly shows that the nanosaws have rectangular, trapeziform and triquetrous nanoteeth. The teeth have a symmetric distribution at both sides of the nanosaws, which is distinctly different from previously reported asymmetric nanosaws with teeth formed on one of their side surfaces [20, 21] . It was found that the deposition temperature played an important role in determining the size and morphology of the nanostructures. 100 nm (as shown in the inset in Fig.2(f) ). The width of the nanobelts changed from 1−2 µm to about 200 nm gradually from the bottom to the tip. The chemical composition of the CdS nanobelts was investigated through EDS. The EDS spectrum made on the belt stem ( Fig.3(a) ) reveals that only two elements, Cd and S, exist in the nanobelt, with the composition Cd 49.75% and S 50.25%, which is consistent with the stoichiometric CdS within the experimental error. Figure 3(b) shows the EDS spectra taken from particle capped at the tip of the nanobelt, which indicates that the particle consists of Au, Cd, and S.
Further structural characterizations were carried out on individual CdS nanobelt by TEM. A representative TEM image displayed in Fig.4(a) reveals that the nanobelt has a regular geometric shape with a typical width of about 200 nm. For obtaining more detail about the structure of the nanobelt, HRTEM images were recorded independently on the side and middle regions of the nanobelt. Figure 4(b) shows a HRTEM image taken from the side region of the CdS nanobelt. In this image, the lattice spacing of 0.36 nm corresponds to the (0110) plane of the wurtzite structure, confirming the CdS nanobelts grow along the [0110] direction, in agreement with the previous reports [22] . The HRTEM image (Fig.4(c) ) recorded from the middle region of the nanobelt exhibits well-resolved (0001) lattice planes, which indicated that the two side surfaces are ±(0001) planes.
During the SEM observations and EDS measure- ments, it is found that there are Au-Cd-S alloy particles attached to the tips of the produced nanobelts and nanosaws. This suggests that the formation of the CdS nanostructures are related to a catalyst assisted VLS mechanism [23] . However, the VLS mechanism can't explain the growth of CdS nanobelts with varied widths and the formation of teeth on the top and bottom surfaces of the nanosaws. This implies that besides the VLS growth process, there should be some other processes occurring to promote nanobelts and nanosaws growth. After the fast growth of nanobelts via the VLS mechanism, the subsequent CdS deposition directed onto the already formed nanobelts may contribute to the formation of the sword-like nanobelts. This growth process can be understood in terms of VS mechanism, which is similar to the report of Dong et al. [24] . For the growth of asymmetric nanosaws, studies have found that the cation-terminated (0001) surface is chemically active, while the anion-terminated surface is chemically inactive, resulting in the growth of one-sided saw-like structures [25, 26] . In our case, nanoteeth grow on nonpolar (2110) plane, not on Cd-terminated (0001) plane, thus, the double-sided toothed CdS nanosaws are formed. We suggest that the growth of double-sided nanosaws follows a two-step growth process: the first step is fast growth of nanobelt along [0110], forming a belt-like structure by a VLS growth process; the second step is slow growth of nanoteeth on both ±(2110) surfaces, forming the nanoteeth structure via a VS growth process.
A commercial scanning near-field optical microscope (SNOM) was used to study the optical waveguide properties of the CdS nanostructures. Figure 5(a) shows a representative far-field image of a single CdS nanobelt with length of about 70 µm, and Fig.5(b) is its corresponding emission image under the excitation of a beam of focused Ar-ion laser (488 nm). The bright spot at the middle of the nanobelt is the in situ PL image under laser excitation. The generated PL was strongly guided through the nanobelt and emitted two bright emission spots at its ends, while almost no signals could be seen on the side surfaces. Optical waveguide behavior was also clearly observed in the nanosaws. Figure 5 (c) shows a typical far-field image of a CdS nanosaw with length of about 50 µm, and Fig.5(d) shows its corresponding emission image. Under excitation, the generated PL was effectively transported along the nanosaw and mainly emitted at its ends. However, a portion of the guided PL was scattered in the position of nanoteeth on the surfaces of nanosaw, which is a typical characteristic of the waveguide behavior of the nanosaws in our observation. From the above discussion, it is clear that the obtained CdS nanobelts exhibit excellent waveguide properties and may have potential applications in photonic nanodevices. The optical properties of the CdS nanostructures were also investigated by PL using Ar-ion laser (488 nm) as the excitation source. The typical PL spectra of individual CdS nanobelt and nanosaw are shown in Fig.5 (e) and (f), respectively. It was found that both CdS nanobelt and nanosaw had similar PL spectra at room temperature. As demonstrated in the PL spectra, a sharp and strong green emission peak at about 512 nm is found. The energy of the intense emission agrees well with the band gap of CdS (2.42 eV direct band gap [27] ), therefore, the green emission could be assigned to the band-to-band emission [23] .
Usually, defect luminescence appeared in the PL spectrum of one-dimensional CdS nanostructures. Yang et al. have reported that a broad emission band centered at about 693 nm was recorded in the PL spectrum of CdS nanobelts [19] , such a band is often associated with structure defects, ionized vacancies, or impurities, and its origin was usually attributed to the high density of sulfur vacancies in CdS nanostructures. Wang et al. have also reported that a broad emission band with the center of 758 nm was observed in the PL spectrum of CdS nanobelts [28] . The broad band may arise from transitions of electrons trapped at surface states to the valence band of CdS nanobelts. In the present work, the appearance of an intense green emission and absence of the defect-related emission from sulfur vacancies and trapped states demonstrate that the as-grown CdS nanobelts and nanosaws possess good crystallinity and exhibit excellent optical properties.
IV. CONCLUSION
We have successfully fabricated CdS nanobelts and nanosaws in bulk quantities by a simple one-step H 2 -assisted thermal evaporation method. The morphology of the CdS nanostructures was dependent on the deposition temperature. Nanobelts and nanosaws grew in higher deposition temperature region, while nanobelts with smaller size were found at lower deposition temperature region. The as-synthesized CdS nanostructures were single crystalline with a wurtzite structure. CdS nanostructures grew via combination of vapor-liquidsolid and vapor-solid growth mechanisms. Both CdS nanobelts and nanosaws exhibited similar intense green emission centered at 512 nm at room temperature. The NSOM observation indicated that the CdS nanobelts show good optical waveguiding behavior. The obtained CdS nanobelts and nanosaws may have potential applications in the future as functional building blocks for fabricating photonic nanodevices.
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